The radiation spectra of supersoft X-ray sources based on a model for hydrogen burning on the white dwarf surface are investigated by solving hydrostatic equilibrium, radiative equilibrium, statistical equilibrium and radiative transfer self-consistently for various sets of mass, radius and luminosity. It is found that the radiation spectrum shows many bound±free emission/absorption features and greatly deviates from the blackbody spectrum at the effective temperature. By the effect of incoherent Compton scattering, the bound±free emission/absorption features do not appear in strong emission/absorption edges, as predicted by coherent models without Compton scattering, but appear as weak humps and relatively shallow absorption edges. The difference between the incoherent model and the coherent model is prominent for L > 0X5L Edd X A calculated spectrum is fitted to the ASCA observations of RX J0925.724758. It is found that the entire spectrum of RX J0925.724758 cannot be reproduced by model atmospheres with any parameter sets. This suggests that the observed spectrum consists of two or more components. In this case, the atmospheric component is explained by the emission from a white dwarf near the Chandrasekhar limit (,1.4 M ( ) with L , 0X2L Edd at a distance of >16±20 kpc.
. It is now generally accepted that the most likely candidates for SSSs are steady hydrogen-shell-burning white dwarfs with luminosities of the order of the Eddington limit.
To understand the radiation spectra from SSSs and to interpret what they may tell us about the physical information of the source, the theoretical investigation of the radiation spectra is particularly important. The simplest approach for analysing an observed spectrum is to fit the data with a blackbody model, but this approach is completely inadequate because the radiative processes at certain energies in the soft X-ray range are dominated by bound±free transitions of many atoms such as carbon, oxygen and neon. Thus, the emission spectrum is expected to deviate greatly from that of a simple blackbody. Significant improvement in the quality of fitting of the ROSAT observations, by the introduction of a local thermodynamic equilibrium (LTE) model atmosphere (Heise, Teeseling & Kahabka 1994) , and also in the ASCA observations by introducing a blackbody model with absorption edges (Ebisawa et al. 1997; Asai et al. 1998) , provide observational evidence for this deviation.
In spite of the acceptable fitting to the observations, it is necessary to perform quantitative studies using a non-LTE (NLTE) model atmosphere for more detailed investigation of the radiation spectra, because the ionization states generally do not follow the Saha±Boltzmann law under the condition that the radiation field largely deviates from the Planck function. Recent detailed calculations adopting the NLTE condition were carried out by . They investigated the differences between blackbody, LTE and NLTE spectra by using the computer codes tlusty and synspec , which solve the coupled set of radiative equilibrium, statistical equilibrium and radiative transfer equations. They found that, above a bound±free cut-off energy, the NLTE model atmosphere was a more efficient X-ray emitter than the LTE model, and also showed that the NLTE model derived different parameters than the LTE model when fitting to the observed spectra. Using the NLTE model atmosphere, many authors analysed spectra obtained by BeppoSAX observations (e.g. Parmer et al. 1997; Parmer et al. 1998; Kahabka, Parmer & Hartmann 1999) . Recently, Hartmann et al. (1999) investigated the spectrum of a white dwarf atmosphere using the NLTE models with line opacities, and showed that the calculated spectrum in the range 0.1±1.5 keV changed significantly when spectral lines were included.
Although these NLTE models are sophisticated models that obtain emission spectra from white dwarf atmospheres, the effect of incoherent Compton scattering is not included in the NLTE models. Compton scattering is an important radiative process in the atmospheres of white dwarfs with luminosities of the order of the Eddington limit. Introducing Compton heating/cooling somewhat changes the temperature/ionization structure, in comparison with that of the coherent-scattering model, and Compton scattering also acts to destroy the spectral features of bound± free emission/absorption edges owing to the energy shift of photons (Ross, Weaver & McCray 1978) .
The features of the edges, such as depth and emergent shape, give some useful information about the physical states such as temperature, ionization states and so on, and therefore Compton scattering must be imposed on the NLTE models to obtain reliable spectra.
Another important physical parameter obtained from the observations is the colour temperature (T c ). For the analysis of observational data, many authors use an absorbed blackbody model together with the NLTE atmosphere models. In spectral fittings that use the absorbed blackbody model, the T c s obtained generally do not agree with the effective temperatures (T eff s), because the effective optical depth of the order of 1 in the soft X-ray range generally penetrates to a depth where the temperature is higher than T eff . As T c is an important parameter for estimating the radius and mass, it is meaningful to investigate T c for various sets of mass, radius and luminosity. By using the Rosseland-mean opacity, Hoshi (1998) analytically investigated the structure of the atmosphere of white dwarfs in steady hydrogen burning, and indicated that T c is higher than T eff by up to 30 per cent. However, to obtain more reliable values of T c , the frequency-dependent radiative transfer equation must be solved.
In this paper, in order to clarify the above problems, the detailed investigation of the radiation spectra emitted from the atmosphere of white dwarfs undergoing steady hydrogen shell-burning is performed by solving the following self-consistently: hydrostatic balance, an equation of state, radiative equilibrium, statistical equilibrium and radiative transfer with Compton scattering. It is noted that the effects of line opacities are not included in the present study. Although the line transition of various elements may be important , it is omitted in this paper. Basic equations are described in Section 2. Numerical results and the application to ASCA observations of RX J9025.724758 are discussed in Section 3.
B A S I C E Q UAT I O N S
The atmosphere of a white dwarf with mass M and radius R is considered (R does not include the thickness of the atmosphere). Adopting a spherically symmetric atmosphere with finite Thomson depth and the most abundant 10 species of solar abundance, the structure and emission spectrum of the atmosphere are solved selfconsistently. Solar abundances are adopted according to Ferland (1996) . The abundances, specified by the number of atoms relative to hydrogen, and the ionization states that are taken into account are shown in where the total luminosity denoted by L is given by the boundary condition at the bottom of the atmosphere. Here, it is noted that the total radius of a white dwarf is given by R r max where r max is the geometrical thickness of the atmosphere corresponding to the given Thomson depth and is obtained self-consistently by the calculation. Thus, exactly speaking, the emission spectrum from the atmosphere of a white dwarf with radius R r max is obtained in the present study. For ionization mechanisms, photoionization and collisional ionization are considered, and only the ground state is treated for all atoms. For more detailed investigation, Auger ionization, the excited states of atoms and the bound± bound transitions must also be included, which requires more complex calculations. Generally almost all species, excepting Fe, are in the highly ionized states with zero, one or two electrons. Thus, Auger ionization for these species does not affect the ionization structure of the atmosphere, or the emission spectrum. However, it appears that Fe ions are in the ionization states of Fe xvi±Fe xxv, which means that Auger ionization for Fe ions may influence the ionization structure of Fe and the emission spectrum. Although Auger ionization and the bound±bound transition of various elements may give significant effects on the structure and the emission spectrum, quantitative assessment of these effects is left as the next step of this work. Throughout this paper, the following symbols are used: the gas pressure, P g ; the gas temperature, T ; the total number density summed over all species, N T ; the number density of free electrons, N e ; the number density of particles of species A in the Zth stage of ionization Z 0 indicates a neutral state), N Z A ; the statistical weight of atoms of N Z A Y g Z A ; the radiation energy flux per unit frequency at frequency n, F n ; the radiation energy density per unit frequency, 1 n ; the abundance specified by number relative to N T , Y A ; the height measured from the bottom of the atmosphere, r.
The equation of hydrostatic equilibrium is given by
where m A is the particle mass of species A. The first-order moment of the radiative transfer equation with the Eddington approximation is adopted for the radiation flux F n .
where the scattering coefficient a sc n and the absorption coefficient (Ferland 1996) are specified by number relative to hydrogen. For sulphur, the final ionization state depends on parameters such as mass, radius and luminosity.
Species Abundances
Ionization states
Here, s T , s ff (A, Z, n) and s bf (A, Z, n) are the cross-sections of Thomson scattering, free±free absorption and bound±free absorption for a transition between the Zth stage and the Z 1th stage ionization of species A, respectively, and s ff (A, Z, n) is given by
The thermally averaged free±free non-relativistic Gaunt factor g ff (n , T) is taken from Hummer (1988) . The bound±free absorption cross-section corrected for stimulated recombination is expressed by
where s ph (A, Z, n) is a photoionization cross-section (Verner et al. 1996) and 1 2 exp2hnakT is a correction factor for stimulated recombination.
In this paper, t T defined by the Thomson depth for N T measured from the bottom of the atmosphere is used as an independent variable, thus t T and r are related by
The equation of state is given by
It is assumed that the hydrogen-burning energy production does not occur within the atmosphere. Thus, the radiative equilibrium is expressed as
Each term in equation (9) is described as follows:
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where j ff (A, Z, n) is the free±free emissivity, j bf (A, Z, n) is the radiative recombination emissivity owing to a transition from the Z 1th to the Zth ionization state, and L C n is the net rate of energy transfer by incoherent Compton scattering described by the Kompaneets equation. The free±free emissivity and the radiative recombination emissivity are expressed as j ff AY ZY n 4pcN e s ff AY ZY nB n T 14 and
where B n T ; 2hn 3 c 22 exphnakT 2 1 21 is the Planck function, and E Z A is the ionization potential of the transition from the Zth ionization state to the Z 1th ionization state of species A.
Statistical equilibrium for species A between the Zth and Z 1th ionization states is written as cN
where R ci (A, Z) is the collisional ionization rate coefficient in cm 3 s 21 (Voronov 1997) , and R tb (A, Z) is the three-body recombination rate coefficient, which is described by a detailed balance relation:
for species A with atomic number Z A . In order to close the system, the number conservation of nuclei is used,
The free electron number density is obtained from the charge conservation equation,
The radiative transfer equation for F n is written as
In numerical calculations, j logt 0 2 t T is used for the spatial coordinate, where t 0 is the total Thomson depth of atmosphere. For all calculations, t 0 1000 is adopted and 70 meshes are used in the range 24 < j < 3X The fixed value of t 0 1000 is adequate to describe the Thomson depth of the atmosphere, because the effective optical depth is greater than one for most of the photon energies considered here. The photon energy range is 27 < log x < 0 with 354 meshes including energies just above and below the threshold ionization energies for 0.1±2.0 keV. A boundary condition of P g 0 is imposed at the outermost mesh, which implies N T 0 at the surface. Another condition is that r 0 at the innermost mesh point. When solving the equations of radiative transfer, the two-stream approximation (Rybicki & Lightman 1979 ) is used for the boundary condition at the top of the atmosphere. Provided that there is no incident flux from outside the atmosphere, this condition is given by F n c1 n a 3 p X At the bottom of the atmosphere, it is assumed that the radiation field is given by the Planck function, thus the boundary condition for 1 n at the innermost mesh is given by
where T b is the gas temperature at the innermost mesh point. Here, from equations (9), (20) and (21), the total luminosity L r at each radial point is constant throughout the atmosphere.
In a discretization of the Kompaneets equation (equation 12) and to stabilize the solution with no loss of accuracy, the variable forward-differencing scheme of Chang & Cooper (1970) is used to specify the photon occupation number (n n ) at mesh centres of photon energy. Explicitly, this value is specified as 
23
where I and J are the spatial and the photon energy mesh points, respectively, and d I J is determined for each set of (I, J) in the range 0 < d I J < 1a2X Furthermore, the condition f n 0 is imposed on both the highest and lowest energy edges. The non-linear equations (1), (7), (8), (9), (16), (18), (19) and (20) 
R E S U LT S A N D D I S C U S S I O N

Spectral features
In this section, numerical results for various sets of L p , M p and R p are presented. Fig. 1(a) shows the radiation spectra for L p 0X2Y 0.5 and 0.8 with M p 1 and R p 5X Solid lines show the calculated spectra while dotted lines show the blackbody spectra at T eff determined from L 4pR r max 2 s sb T 4 eff X It is found that the radiation spectra greatly deviate from a blackbody and show many bound±free emission/absorption features: C vi K-edge at 0.49 keV, N vii K-edge at 0.667 keV, O vii K-edge at 0.739 keV, O viii K-edge at 0.871 keV, Ne ix K-edge at 1.196 keV and Fe xvii L-edge at 1.262 keV. The important point is that these bound±free emission/absorption features are found to be weak emission humps or relatively shallow absorption edges. For example, the spectra around the O viii edge for L p 0X8 seem to be represented by a combination of power laws, rather than absorption edge features, for this reason. These features contradict the results of previous research that predicted strong emission/absorption edges. This difference in the emergent spectrum is caused by: (i) the change of temperature/ionization structure owing to Compton heating and (ii) incoherent Compton scattering acting to destroy the edges owing to the energy shift of photons. To illustrate this effect, Fig. 1(b) compares the actual emergent spectra with the results obtained when Compton scattering is treated as coherent in the calculation. Solid lines show spectra of the coherent-scattering model and dotted lines show the true spectra. It is clearly shown that the coherent-scattering model exhibits strong emission/ absorption edges, and that the bound±free edge features predicted in the coherent-scattering model are reduced in strength or disappear in the true model. The difference between the two models becomes remarkable for large luminosity. The degree of the decrease in strength can be found from the ratios of the flux Table 2 .
Next the colour temperature is investigated. Generally, the entire emission spectrum can not be fitted by a single blackbody because the temperature at t eff n 1 greatly changes above and below the ionization edge energies, where t eff (n ) is the effective optical depth measured from the surface.
where t s is the Thomson depth measured from the surface. For Table 4 . Properties of the spectra.
is the gravitational acceleration at the bottom of the atmosphere. The effective temperature T eff is determined from the relation L 4pR r max 2 s sb T 4 eff Y where r max is the geometrical thickness of the atmosphere. The blank entries for Table 5 . Spectral fitting of RX J0925.724758 data with L p 0X2Y M p 1X4 and R p 2X x 2 and the degrees of freedom (dof) are listed in column 1. The abundances of oxygen and iron are relative to solar. Abundances of the interstellar medium: fer (Ferland 1996) ; feld (Feldman 1992); angr (Anders & Grevesse 1989) ; aneb (Anders & Ebihara 1982 example, t s and the gas temperature at t eff n 1 for M p 1 and R p 5 are shown in Table 3 . Thus, the calculated spectrum in a limited energy range is fitted to the blackbody. The spectral fitting is performed by minimizing the integral G defined as
where n I and n F are coincident with the highest and lowest edges of a fitting range, and H is a normalization factor. For L p 0X2Y 0.5 and 0.8, the soft X-ray spectra are well-fitted by a single blackbody with the colour temperature kT c 81X8 eV (the fitting range is 0.2±0.49 keV), 100 eV (0.2±0.49 keV) and 128 eV (0.49± 0.87 keV), respectively. The colour temperature is 1.56, 1.52 and 1.74 times as large as the effective temperature and agrees with the gas temperature at t s 5X8Y 6.4 and 12, respectively. Figs 2(a) and (b) show the spectra for R p 2Y 5 and 10 with M p 1 and L p 0X8 (a), L p 0X2 (b). The solid lines show the true spectra while dashed lines show the spectra of the coherentscattering model. As shown in Fig. 1 , strong emission edges that appeared in the coherent-scattering model are found in weak humps, disappear or turn into absorption edges. The colour temperature obtained by a simple blackbody fitting is 205 eV (0.49±0.87 keV) and 90 eV (0.2±0.49 keV) for R p 2 and 10, respectively. The colour temperature is 1.75 times as large as T eff for both cases and agrees with the gas temperature at t s 12 for both cases. Contrary to the case where L p 0X8Y the difference between the true model and the coherent model is not prominent for L p 0X2X Figs 3(a) and (b) show the radiation spectra for M p 0X6Y 1 and 1.4 with R p 5 and L p 0X8 (a), L p 0X2 (b). Again, solid lines represent the true spectra and dashed lines represent the spectra of the coherent model. Quantitative features are the same as the results described above.
Spectral properties for various sets of M p , R p and L p are summarized in Table 4. 3.2 Application to RX J0925.724758 RX J0925.724758 was observed by ASCA (Solid State Spectrometer) on 1994 December 22±23 for 46 ks. In this section, the spectral fitting to the ASCA observational data is performed, and the mass of RX J0925.724758 is discussed in the context of this study. In the present paper, the analysed data and detector response provided by Asai (private communication) are used. These data are originally the same as in Ebisawa et al. (1997) . For the interstellar medium, four types of solar abundance tables are examined (Anders & Ebihara 1982; Anders & Grevesse 1989; Feldman 1992; Ferland 1996) . In addition, the case in which oxygen and iron abundances in the interstellar medium are reduced as compared with solar abundances is also considered (cf. Ebisawa et al. 1997) . Interstellar photoelectric absorption cross-sections are taken from Balucinska-Church & McCammon (1992) .
The results are shown in Table 5 and Figs 4 and 5. Although all the sets of parameters (L p , M p , R p ) are examined in the spectral fitting, the parameter set resulting in the smallest value of reduced x 2 is L p Y M p Y R p 0X2Y 1X4Y 2 for all types of interstellar medium abundances. For the case of the interstellar medium with solar abundance, all spectral fitting results in large values of reduced x 2 (7.7±8.7), but the derived N H is consistent with Ebisawa et al. (1997) . From Fig. 4 , it is found that the differences between the models and the observations are remarkable above 1.2 keV. Even when the oxygen and iron abundances of the interstellar medium are reduced, the situation does not change (Fig. 5: x 2 , 6X9X As the excess in observational data above 1.2 keV is caused by bound±free absorption of Ne ix and Fe xvii in model atmospheres, the cases in which Ne, Mg, Si, S and Fe are depleted from atmospheres are examined as a next step. Although these cases seem unlikely, because the abundances of a white dwarf atmosphere reflect those of the companion star which is considered to be solar, they are examined to investigate the influence of the Ne±Fe abundances of the white dwarf atmosphere on the emergent spectrum. Explicitly, 0.1 times solar abundances are adopted for Ne, Mg, Si, S and Fe as atmospheric abundances. The results are also shown in Table 5 and Fig. 6 . Comparing these with the case of an atmosphere with solar abundances, the spectral fitting is somewhat improved x 2 3X2±5X9Y but an acceptable fitting is not obtained. Therefore, all single-component fitting based on white dwarf atmospheres results in a large value of reduced x 2 . This means that the spectrum of RX J0925.724758 is composed of two or more components as suggested by Hartmann et al. (1999) . If it is assumed that the observed spectrum consists of two or more components, an atmospheric component of the observed spectra below 1.2 keV can be explained by the atmospheric emission from a white dwarf close to the Chandrasekhar limit M , 1X4 M ( with L p 0X2 at distance of 16±20 kpc.
C O N C L U D I N G R E M A R K S
The radiation spectrum from the atmosphere of a hydrogen-shellburning white dwarf was investigated by self-consistently solving hydrostatic, radiative and statistical equilibria and radiative transfer for given luminosities. It is found that the radiation spectrum has many bound±free emission/absorption features and greatly deviates from the blackbody spectrum at the effective temperature. When the spectrum in a limited energy range below a bound±free edge is fitted by a single blackbody, the colour temperature obtained is 1.4±1.8 times as large as the effective temperature. Comparing with the coherent-scattering model, which predicts strong emission/absorption bound±free edges, these edges appear in weak humps or relatively shallow absorption edges in the true model.
Spectral fitting was performed upon ASCA observations of RX J0925.724758. It is found that the observed spectrum cannot be reproduced by the emission from white dwarf atmospheres. This suggests the existence of a second spectral component, the origin of which is still unknown. If it is assumed that the observed spectrum consists of two or more components, an atmospheric component below 1.2 keV can be explained by the emission from a white dwarf atmosphere close to the Chandrasekhar limit M , 1X4 M ( with L p 0X2 at distance of 16±20 kpc.
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